Ferritin is a nanocage protein made of 24 subunits. Its major role is to manage intracellular concentrations of free Fe(II) and Fe(III) ions, which is pivotal for iron homeostasis across all domains of life. This function of the protein is regulated by a conserved di-iron catalytic center and has been the subject of extensive studies over the past 50 years. Yet, it has not been fully understood how Fe(II) is oxidized in the di-iron catalytic center and it is not known why eukaryotic and microbial ferritins oxidize Fe(II) with different kinetics. In an attempt to obtain a new insight into the mechanism of Fe(II) oxidation and understand the origin of the observed differences in the catalysis of Fe(II) oxidation among ferritins we studied and compared the mechanism of Fe(II) oxidation in the eukaryotic human H-type ferritin oxidized. These results provide a fresh understanding of the mechanism of Fe(II) oxidation by ferritins.
Introduction
The 24-meric ferritin (Fig. 1A ) has a nanocage-like structure, which has found a wide range of applications [1] [2] [3] in nanotechnology, biocatalysis, and medicine. The major physiological role of ferritin is to manage intracellular concentrations of free Fe(II) and Fe(III) ions. This key function of proteins depends on the oxidation of Fe(II) to Fe(III) in the di-iron center of the catalytically active subunits. This unique di-iron center is known as the ferroxidase center (sites A and B in Fig. 1B) . A third transient site, known as site C, has been identified as a gateway to the ferroxidase center in eukaryotic, [4] [5] [6] bacterial, 7, 8 and archaeal ferritins 1, 4 ( Fig. 1B and C) . The overall mechanism of Fe(III) storage in ferritins can be defined as: (i) Fe(II) entry and access to the ferroxidase center, (ii) Fe(II) oxidation at the The catalytic center in ferritin consists of two sites, i.e. sites A and B, in the middle of the subunit, which form the di-iron ferroxidase center, and a third nearby site named site C. The numbering of the amino acid residues is from Pyrococcus furiosus ferritin (PfFtn, PDB 2JD7). An amino acid residue in the coordination environment of site B and site C that varies among ferritins is numbered in purple. (C) A cartoon showing the ferroxidase center and site C together with the highly conserved tyrosine in the vicinity of site B.
ferroxidase center, and (iii) Fe(III) storage in the central cavity. The Fe(II) ions reach the ferroxidase center through the protein shell. 5, [9] [10] [11] [12] Oxidation of Fe(II) occurs in the ferroxidase center and at site C. 1, 13 The mechanism of Fe(II) oxidation is not fully understood. Previous studies have led to the proposal of different models for the mechanism of Fe(II) oxidation in eukaryotic and microbial ferritins. [14] [15] [16] While for eukaryotic human H-type ferritin (HuHF) 17 and bullfrog M-type ferritin (BfMF) 18 it is proposed that under single turnover conditions,
i.e. addition of Fe(II) per subunit r2, two Fe(II) are simultaneously oxidized in each ferroxidase center, for human mitochondrial ferritin it is proposed that less ferroxidase centers are active and Fe(II) might be oxidized by the Fe(III) mineral core. 19 For BfMF 18 and BfHF 20 similar Mössbauer data obtained during the catalytic reaction have been interpreted differently to reflect different mechanisms of Fe(II) oxidation. It has been proposed that in BfMF Fe(II) is oxidized via a peroxodiferric intermediate, while in BfHF Fe(II) is oxidized via a tyrosine radical. On the other hand it is believed that in E.coli ferritin A (EcFtnA) three Fe(II) are simultaneously oxidized in sites A, B, and C. 21 On the basis of these data the diversity view has emerged claiming that the mechanism of Fe(II) oxidation and Fe(III) storage varies among ferritins. 14, 15, 22 In contrast our studies of the hyperthermophilic archaeal ferritin from Pyrococcus furiosus (PfFtn) and HuHF in comparison showed that in eukaryotic and microbial ferritins Fe(III) stays metastably in the ferroxidase center and is displaced by the incoming Fe(II). 4 This displacement of Fe(III) by Fe(II) was proposed to be the basis of a common mechanism of Fe(III)-storage among ferritins. 1, 4, 23 Based on these data and a re-evaluation of previous studies on other ferritins we put forward the proposal of unity in the biochemistry of ferritins. 1 We proposed that although variations in the amino acid sequences of ferritins exist the chemistry of Fe(II) oxidation and Fe(III) storage is the same among eukaryotic and microbial ferritins. 1 In our previous studies using HuHF and PfFtn we observed that the kinetics of Fe(II) oxidation was different, 13 but the progress curves of Fe(II) oxidation could be simulated using a common model. 13 These observations prompted us to further investigate the intermediates of Fe(II) oxidation in these two ferritins. We applied freeze quench electron paramagnetic resonance (EPR) and Mössbauer spectroscopy together with UV-visible stopped-flow spectroscopy. HuHF and PfFtn were compared because they consist of 24 catalytically active subunits and because they are from two distinct domains of life and should serve as good models to test the diversity view against the unity view. The results strongly suggest that Fe(II) oxidation in both HuHF and PfFtn proceeds via the same peroxodiferric intermediate and results in the same Fe(III) products in support of the proposal of unity in the biochemistry of ferritins. Our data further provide a new insight into the initial step of catalysis of Fe(II)-oxidation, i.e. Fe(II) binding to the catalytic sites, and shed light on a possible explanation for the observed differences in the kinetics of Fe(II) oxidation among eukaryotic and microbial ferritins. Fig. S1 ). Ferritin and Fe(II) solutions were kept in different gas tight bottles and were purged with pure dioxygen gas for circa 10 minutes to reach oxygen saturation conditions. The solutions were then immediately used for rapid freeze quench experiments. Freeze-quench samples were prepared by connecting an in-house build T-mixer cell to the stopped-flow instrument as explained previously. 13 One syringe of the stopped-flow instrument was filled with ferritin and the other syringe was filled with Fe(II) solution, each syringe circa 300 ml. The solutions were then rapidly mixed through the T-mixer cell by applying 9 bar pressure behind each syringe. This setup was used because the time scale of the reaction in PfFtn at room temperature is much longer than the millisecond time scale usually associated with rapid freeze-quench techniques. To apply this setup to quench the reaction of PfFtn and HuHF with circa 2 Fe(II) per ferritin subunit, using stopped-flow spectroscopy we determined the optimum temperature at which the absorbance of the peroxodiferric intermediate reached its maximum circa 0.7 s after mixing. This time was chosen because it was the dead time of mixing and freezing for our freeze quench setup, as determined using the myoglobin-azide reaction. 13 The optimum temperature Electron paramagnetic resonance (EPR) spectroscopy X-band EPR measurements were performed using a Bruker ECS-106 EPR spectrometer. EPR conditions were: microwave power 0.127-201 mW; modulation frequency 100 kHz; modulation amplitude 12.7 or 4.02 Gauss; temperature 6.4-30 K. EPR spectra were analyzed using programs described in ref. 24 .
Mössbauer spectroscopy
Mössbauer spectra were recorded on a conventional spectrometer with alternating constant acceleration of the g-source.
The minimum experimental line width was 0.24 mm s À1 (full width at half-height). (Fig. 2B ), but not for sites B and C. Consequently, we attribute the first Fe(II) doublet to the Fe(II) in site A of the ferroxidase center. In PfFtn the second (purple trace in Fig. 2A ) and the third (orange trace in Fig. 2A Table S1 ).
Therefore, in PfFtn the doublet with 40% abundance is attributed to site B and the doublet with 19% abundance is attributed to site C. In HuHF the abundances of the second (purple trace in Fig. 2A ) and the third (orange trace in Fig. 2A ) Fe(II) doublets are the same within the experimental error (Table 1) . This is consistent with the observation that sites B and C in HuHF have the same affinity for Fe(II) ions (ESI, † Table S1 ). 4 The exact assignment of the second and the third Fe(II) doublets in HuHF to sites B and C was not possible. 
Mössbauer spectroscopy reveals different forms of Fe(II)-filled subunits
in which X is the sum of the percentages of all subunit types divided by 100, Y is the sum of the percentages of subunits with sites A and B occupied divided by 100, and Z is the percentages of subunits with site B empty divided by 100. As we discussed above, site A is first occupied with Fe(II) and subsequently sites B and C are filled. Thus, 'X' or 'Y' is a factor of the amount of Fe(II) added per subunit and the percentage of In HuHF at t = 0 s less than 9% of the 57 Fe(II) was observed as Fe(III) (gray line in Fig. 2a ), which we attribute to dirty Fe(III) possibly due to the presence of Fe(III) in Fe(II) solution before addition to HuHF (ESI Fig. S1 ). Circa 2 Fe(II) per ferritin subunit were added to PfFtn (45 mM 24-mer) or HuHF (55 mM 24-mer). Measurements were performed under exactly the same conditions. In HuHF Fe(II) is equally distributed among sites B and C and the exact assignment of the second and the third Fe(II) doublet to sites B and C was not possible at this stage. In which ''n'' is the amount of Fe(II) added per ferritin 24-mer for a single turnover experiment. In our experiments ''n'' was 50 Fe(II) per ferritin 24-mer. %Fe(II) in site A or B is the percentage of the Fe(II) doublet assigned to site A or B based on the results of Mössbauer spectroscopy for samples before the addition of dioxygen (Table 1) . X and Y are calculated using eqn (4) and (5), and subsequently the percentage of four different Fe(II)-occupied subunit types (Fig. 3) was found using the following equations (see the ESI † for details):
in which %Fe(II) in site B or C is obtained from the results of Mössbauer spectroscopy for samples before the addition of dioxygen. Using eqn (6)- (9) Fe(II) per ferritin subunit was quenched 0.7 s after the addition of dioxygen to compare the intermediates at the same freezing time. This time was chosen because the absorbance of the Fe(III) intermediate species reached its maximum in HuHF (Fig. 4A) and was close to maximum in PfFtn (Fig. 4B ) (Methods). Simulation of the Mössbauer spectrum of PfFtn suggested the presence of one Fe(II) and two Fe(III) doublets ( Fig. 4C and ESI, † Fig. S4 ), and that of HuHF suggested the presence of two Fe(II) and three Fe(III) doublets ( Fig. 4C and ESI, † Fig. S5 ). The ratio of the two major Fe(III) doublets in HuHF and PfFtn (green and purple traces in Fig. 4C ) was constrained to 1 : 1 abundance (Table 2) . This was done because EPR spectroscopy implied that the majority of the Fe(III) ions should be in a spin-coupled diferric intermediate with the S = 0 ground state (EPR silent): EPR spectroscopy showed only negligible spin concentration of the total Fe(II) added as a mononuclear Fe(III) species or a [Fe(II)-Fe(III)] mixed valence cluster 4 (ESI, † Table S2 ). The Mössbauer [31] [32] [33] [34] [35] [36] [37] and in dioxygen activating enzymes [38] [39] [40] [41] ( Table 3) . From Table 3 subunits in Fig. 5 shows that they are within experimental error the same as the sum of the percentages of (A rapidly (Fig. 5) . Consistently, in PfFtn one Fe(II) doublet (16%) was observed (Table 2 ) whose amount was within experimental error close to the amount of the Fe(II) doublet attributed to site C (19%) under anaerobic conditions (Table 1) . However, the Mössbauer parameters of the Fe(II) doublet attributed to site C before (Table 1 ) and after ( Table 2 ) the addition of dioxygen were different. The reason for this difference is not known but may suggest a change in the coordination environment of site C in PfFtn upon Fe(II) oxidation in the ferroxidase center. In HuHF 0.7 s after the addition of dioxygen two Fe(II) doublets . The binding modes proposed for dioxygen in RNR and complexes 1, 2, 3, 4, and 6 are based on detailed spectroscopic studies. The binding mode proposed for complex 5 is a suggestion due to the considerable difference between the Mössbauer parameters of this complex and those reported for complexes with m-1,2-peroxo bonding mode.
a For BfMF inconsistent Mössbauer parameters have been obtained from simulation of exactly the same Mössbauer spectra. Based on these inconsistent data a m-1,2-peroxo binding mode has been proposed.
b Signs unknown. c Postulated. 
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were observed ( Table 2 ). The Mössbauer parameters of the first Fe(II) doublet (12%) ( ) subunits two Fe(II) are oxidized simultaneously in the ferroxidase center. In subunits in which site B is not occupied, Fe(II) in site A cannot be oxidized (Fig. 5) . We speculate that site B might be the initial dioxygen binding site. This suggestion is in line with a previous site directed mutagenesis study of HuHF in which differences between sites A and B of the ferroxidase center were observed. 45 Replacement of a glutamate residue of each site resulted in a different response to Fe(II) oxidation. Based on this observation it has been proposed that differences exist between sites A and B, and that site B is possibly the initial dioxygen binding site. 45 
Site B tunes the kinetics of Fe(II) oxidation
Progress curves of Fe(III) formation, which are typically measured between 300 and 350 nm, have been recorded for various ferritins using stopped-flow spectroscopy. 6, 7, 17, 21 Even though previous
Mössbauer data showed that when the peroxodiferric intermediate has its maximum absorbance not all the Fe(II) ions are oxidized, 18, 20, 29 the progress curves have been interpreted as the formation of the peroxodiferric in each subunit as a sudden increase in the absorbance followed by spontaneous transfer of the Fe(III) product to the internal cavity of ferritin observed as a gradual increase of the absorbance in a slower phase. 17, 18, 20, 29 UV-visible spectroscopy by itself does not provide direct information on the nature of Fe(II) and Fe(III), e.g. whether the Fe(III) species are intermediates or products. To properly interpret the stopped-flow UV-visible data (Fig. 6) in terms of the formation of different Fe(III) species we used our Mössbauer data. The recorded progress curves are consistent with those reported previously for HuHF 13, 17, 30 or PfFtn. 13, 30 The data were analyzed based on the amount of doublets assigned to the Fe(II) substrate and the peroxodiferric intermediate observed 0.7 s after the addition of dioxygen ( Table 2 ). Under single-turnover conditions, a two-exponential equation (eqn (10)) was required to obtain a fit to the data using global fit analysis:
in which M and N are the pre-exponential amplitude factor (the absorbance of each exponential phase), T 1 and T 2 are time constants, and M N is the absorbance at infinite time. The values of M, N, T 1 , T 2 , and M N for PfFtn and HuHF are given in Table 4 . In PfFtn and HuHF the ratio of the M to M N was circa 80% and 50%, respectively. This suggests that in PfFtn circa 80% and in HuHF circa 50% of the Fe(II) added were rapidly oxidized in the first phase. This is consistent with the observation of circa 84% and circa 58% Fe(III) as the peroxodiferric intermediate in PfFtn and in HuHF respectively (Table 2) . Thus, the fast phase should present the rapid formation of the peroxodiferric intermediate in the (A   II   B   II   C   0 ) and (A   II   B   II   C   II ) subunits and not the Fe(III) products. Moreover, the ratio of N to M N in PfFtn and HuHF was circa 20% and 50% respectively. These ratios represent the percentages of Fe(II) not oxidized in the first phase but oxidized in the second slow phase plus a possible small change in the absorbance due to conversion of the peroxodiferric intermediate to the Fe(III) products. They are close to the percentages of Fe(II) observed by Mössbauer spectroscopy in PfFtn (16%) and in HuHF (37%) 0.7 s after the addition of dioxygen (Table 2) . Therefore, the Fe(II) that was not oxidized rapidly in the first phase was oxidized at a slower rate in the second phase. These data demonstrate that the kinetics of Fe(II) oxidation is defined by the amount of the peroxodiferric intermediate that can rapidly form as a result of the presence of Fe(II) in site B of the ferroxidase center. The kinetic parameters were obtained from a global analysis of the progress curves of Fe(III) formation in Fig. 6 using eqn (10) . The M, N, and M N are dimensionless.
The Fe(III)-dimer in the ferroxidase center is the major product of the Fe(II) oxidation
After complete oxidation of Fe(II), i.e. after 300 s in PfFtn and 60 s in HuHF, we recorded the presence of different Fe(III)-product species in ferritins. The Mössbauer spectra of PfFtn and HuHF could be simulated using a model of two Fe(III) doublets ( Fig. 7 and ESI, † Fig. S6, S7 ). The Mössbauer parameters of these doublets were different from those of the peroxodiferric intermediate. The first doublet in PfFtn and HuHF accounts for circa 42% of the Fe(III) ( Table 5) , which is the same as the amount of Fe(II) in site A before the addition of dioxygen (Table 1) . Therefore, this doublet is assigned to Fe(III) in site A. The second doublet accounts for 58% Fe(III) ( Table 5) , which is the same as the sum of the Fe(II) in sites B and C before the addition of dioxygen ( Table 1 ). The Mössbauer parameters of the Fe(III) products in ferritin are similar to those reported for oxo or hydroxo bridged di-iron complexes. 46 This is consistent with the results of EPR spectroscopy. Only circa 2-5% of the total Fe(II) added showed up as an EPR detectable (g = 4.
3) mononuclear Fe(III) species (ESI, † Table S2 ). Because 42% of the Fe(III) ions was assigned to site A, at least 42% of the Fe(III) ions should have been in site B to form the antiferromagnetically coupled Fe(III)-O(H)-Fe(III) unit in the ferroxidase center, which is EPR silent. This interpretation is consistent with our previous observation that after complete oxidation of Fe(II) the majority of the ferroxidase centers remain occupied with two Fe(III), and the Fe(III) ions are displaced by new incoming Fe(II) ions. 4 Two fates for the remaining 16% of Fe(III) can be considered: some of the Fe(III) stayed in site C and was observed as mononuclear Fe(III) and some moved to the internal cavity to form the Fe(III)-mineral core. Further detailed low temperature high-field Mössbauer measurements are required to study the nature of the mineral core in each ferritin.
Discussion
Because oxidation of Fe(II) by ferritin is vital for the iron homeostasis machinery of most life forms, this reaction has been studied intensively for more than half a century using ferritins from different organisms. Although the quaternary structure of ferritins is highly conserved, differences exist in the amino acid residues essential for the functioning of protein. A notable variation among ferritins is in one of the amino acids in the coordination environment of site B of the ferroxidase center (Fig. 2B) . As a consequence, studies of the kinetics of Fe(II) oxidation with various ferritins have resulted in the suggestion of core differences and sometimes mutually inconsistent proposals regarding the mechanism of Fe(II) oxidation in eukaryotic, bacterial, and archaeal ferritins. Some of these differences are listed below and have been discussed in more detail previously: 1 (i) measurement of the amount of dioxygen consumed for oxidation of two Fe(II) per ferritin subunit led to the report of differences in eukaryotic and microbial ferritins. For eukaryotic HuHF a stoichiometry of circa 0.45-0.5 O 2 consumed per Fe(II) oxidized has been reported 47, 48 while for E.coli ferritin A (EcFtnA) a stoichiometry of circa 0.35 O 2 consumed per Fe(II) oxidized has been observed. 21 These differences have been interpreted in terms of different mechanisms of Fe(II) oxidation in HuHF and PfFtn. 15, 16 In HuHF it has been proposed that two Fe(II) are simultaneously oxidized but in EcFtnA three Fe(II) are simultaneously oxidized. (ii) It has been observed that the UV-visible absorbance of the peroxodiferric intermediate at 650 nm in human mitochondrial ferritin (MtFtn) is less than that in human H-type ferritin (HuHF).
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From this observation it has been concluded that in MtFtn less ferroxidase centers are active and that in this ferritin the Fe(III)-mineral core in the internal cavity of protein catalyzes the oxidation of Fe(II). 20 (iv) Measurement of the progress curves of Fe(II) oxidation for E.coli ferritin A (EcFtnA) led to the conclusion that in this ferritin two Fe(II) in the ferroxidase center and an Fe(II) in site C, are oxidized concertedly. 37, 46 A recent study using EcFtnA led to the conclusion that in this ferritin Fe(II) in site C is oxidized by hydrogen peroxide generated in the ferroxidase center. 14 In HuHF using stopped-flow 4 We further observed that although the kinetics of Fe(II) oxidation in HuHF and PfFtn was different, 13 the progress curves of Fe(II) oxidation could be simulated using a common model. 13 Mutagenesis studies of PfFtn compared to those reported for HuHF suggested a role for the highly conserved tyrosine in the vicinity of site B. 13 We proposed that this tyrosine acts as a molecular capacitor for the oxidation of Fe(II) in site C via the peroxodiferric intermediate in the ferroxidase center. 13 These data suggested a common mechanism of Fe(II) oxidation and Fe(III) mineralization among eukaryotic and microbial ferritins. To understand the origin of the observed differences in the reported kinetics of Fe(II) oxidation among eukaryotic and microbial ferritins and to check if they reflect different mechanisms of Fe(II) oxidation among ferritins we studied and compared the mechanisms of Fe(II) oxidation in HuHF and PfFtn. These two ferritins are from two different domains of life and should serve as a proper model to test the unity view against the diversity view and to understand differences among eukaryotic and microbial ferritins. We focused on the molecular details of the mechanism of Fe(II) oxidation by dioxygen at three stages of the reaction under single-turnover conditions: binding of Fe(II) ions to sites A, B, and C prior to the addition of dioxygen, the formation of and B could be oxidized rapidly to form the peroxodiferric intermediate (Fig. 8) . Thus, the rapid increase in the absorbance at 310 nm in HuHF and PfFtn (Fig. 4) is indeed due to the formation of the peroxodiferric intermediate and not Fe(III) products. The slower phase of the progress curves of Fe(III) formation at 310 nm (Fig. 4) , which occurs after 0. subunits is proposed to be oxidized presumably by the peroxodiferric intermediate, 13 and in this mechanism the conserved tyrosine provides a fourth electron for the complete reduction of molecular oxygen to water. 13 In contrast in HuHF the percen- In summary, we demonstrated that in PfFtn and HuHF a difference in the occupation of site B with Fe(II) exists, but the same peroxodiferric intermediate forms upon the addition of dioxygen, which decays to a major Fe(III)-dimer product. While the exact molecular structure of the peroxodiferric intermediate remains to be determined, the data support the proposal of unity in the biochemistry of ferritins, and they provide a possible explanation for the observed differences among ferritins in the reaction rates, the amount of Fe(II) oxidized per molecular oxygen, and the formation of different Fe(III) products besides the major Fe(III)-dimer. We propose that because of the variation in an amino acid residue of site B, variation in the affinity of this site for Fe(II) among ferritins exists. As a consequence the amount of (A 
